Liquid polymer nanocomposites (l-PNCs) have been prepared using silica nanoparticles with diameters of 15 nm (l-PNC-15) and 24 nm (l-PNC-24), and Jeffamine M-2070, an amine-terminated ethylene oxide/propylene oxide (PEO/PPO, ratio 31/10) copolymer. Jeffamine M-2070 was used as the host liquid in which the particles were suspended, and was also grafted onto the particle surface to prevent aggregation. The grafting density of Jeffamine M-2070 on the particle surfaces was ~ 0.75 chains nm -2 . When the total polymer content (surface layer + host) was greater than ~ 30 wt%, the PNC was a liquid while at lower polymer volume fractions the PNC was solid. In this work, the bulk and surface structures of l-PNCs with ~ 70 wt% polymer and 30% silica are characterized and compared. Small angle neutron scattering (SANS) was used to probe the bulk structure of the l-PNCs, and revealed that the particles are well-dispersed with minor clustering in l-PNC-15 and substantial clustering in l-PNC-24. This is attributed to stronger van der Waals attractions between particles due to the 2 larger particle size in l-PNC-24. Corresponding effects were revealed using tapping mode atomic force microscopy (TM-AFM) at the l-PNC -air interface; clustering was minimal on the surface of l-PNC-15 but significant for l-PNC-24 droplets. In regions of the l-PNC where the particles were well dispersed, the spacing between particles is consistent with their volume fractions. This is the first time that the distribution of polymer and particles within l-PNCs has been imaged in situ.
Introduction
In a polymer nanocomposite (PNC), nanoparticles (filler) are dispersed in a polymer matrix to produce a new hybrid material incorporating the useful properties of both components. 1 A PNC may be a solid (s-PNC), liquid
The physical properties of a PNC can be coarsely controlled via selection of the polymer and particle type, with more subtle tuning possible through varying the host polymer length, particle size, particle volume fraction, and the length and grafting density of the polymer attached to the particle surface. 4, 5, 9 Phase diagrams revealing the effect of these parameters have been reported. 3 The electrical properties, optical properties, high thermal stability, hardness and modulus of s-PNCs have seen them used for protective coatings 8 , photocatalysis 4, 8 , biosensors 8 , organic light emitting devices (OLEDs), 2, 4 and solar cells 4, 22 , amongst other applications. l-PNCs are of interest due to their potential as lubricants 23 , electrolytes [24] [25] [26] , and carbon capture solvents [27] [28] [29] [30] [31] , and their capacity to modify interfacial properties. For l-PNCs, the particle size, volume fraction, and the type and length of both the grafted and host polymers controls viscoelasticity. [32] [33] [34] The ratio of the grafted and host polymer molecular weights determines whether the grafted polymer is 'wetted' or 'dewetted'. When the grafted polymer is dewetted, phase separation occurs. Therefore, l-PNCs need to be carefully designed in order to produce welldispersed grafted nanoparticles that are wetted by the host polymer and remain liquid at high particle loading.
A subset of l-PNCs, known as nanoparticle organic hybrid materials (NOHMs), are liquid without added host polymer, i.e. the ionically (I-NOHMs) or covalently (C-NOHMs) surface grafted polymer serves as the "solvent". 9, 10, 19, 25, [27] [28] [29] [30] [31] [35] [36] [37] [38] [39] [40] [41] [42] Polymer dynamics of I-NOHMs have been studied using NMR. 36, 40 It was found that there is a strongly associated polymer layer with a slow diffusion rate closest to the particle surface and a weakly associated polymer layer with a faster diffusion rate farther from the particle surface. The weakly associated polymer layer is able to exchange between nearby particles, which imparts fluidity to the system. In this way, the grafted polymer 'self-suspends' the nanoparticles. However, for C-NOHMs, the covalently grafted polymer cannot exchange between particles; in order to completely fill the interstitial volume the grafted chains must stretch. It is somewhat unclear whether C-NOHMs are truly liquid without a dispersing polymer, 27,28 as conventional polymer-grafted nanoparticles are typically solids at the same particle concentration. 3, 6, 43 While several studies have reported the bulk structure of l-PNCs, more specifically NOHMs, 9, 19, 36, 40, 41, 44 the surface structure is unexplored. In this study l-PNCs are prepared using two different sized silica particles (15 nm and 24 nm) and an amine-terminated PEO/PPO copolymer (Jeffamine M-2070, PEO/PPO ratio 31/10) is used as both the host and grafted polymer. For both samples, the particle concentration was ~ 30 wt%. Small angle neutron scattering (SANS) is used to elucidate the bulk structure of l-PNCs while tapping mode atomic force microscopy (TM-AFM) reveals the structure of the interface between the l-PNCs and air. Together, these experiments reveal the structure of the l-PNCs in the bulk and at the air-liquid interface.
Experimental Section Synthesis
A 3 wt% silica stock solution was prepared by diluting 1.0 g of the silica suspension (2.5 g of LUDOX HS-40, times during the reaction and sonicated for 5 minutes to achieve a uniform product. After all of the polymer solution was added, the l-PNC reaction solution was left stirring at 90°C for a further 3 hours. Note that the polymer is heated above its LCST (52°C) and dehydration temperature (80°C) during synthesis. 45 After the first several drops enter the silica solution, the solution goes cloudy, then returns to the same colour as the stock silica solution after vigorous stirring and sonicating, meaning that any precipitates have re-dissolved into solution. 
Dynamic Light Scattering (DLS):
A Malvern Zetasizer DLS was used to measure the particle size of bare silica and l-PNCs, as well as the hydrodynamic diameter of free Jeffamine M-2070 polymer in aqueous solution, all at 25°C. A 0.1 wt % particle suspension or polymer solution in distilled water was sonicated for at least 30 minutes prior to measurement. The size reported is the average of at least five measurements.
Small Angle X-ray Scattering (SAXS): SAXS was used to measure the particle size of bare silica particles at a dilution of 10 wt%. An Anton Paar Saxsess instrument was used with a point source and 2-3 minute exposure time.
Small Angle Neutron Scattering (SANS):
SANS experiments were performed on hydrogeneous l-PNC samples at the QUOKKA beamline at the Bragg Institute (ANSTO, Australia) using 1 mm demountable cells. The neutron wavelength was 5 Å and the temperature was set to 25°C. Neutron scattering was collected at detectorto-sample distances of 1m, 8m and 20m for 300s, 600s and 900s respectively to achieve a q range from 0.01 - Experiments were completed in a sealed AFM cell to minimize water ingression.
Results and Discussion

Synthesis and Characterization of Liquid Polymer Nanocomposites (l-PNCs)
l-PNCs were synthesized by grafting the amine-terminated PEO/PPO copolymer Jeffamine M-2070 onto silica. [26] [27] [28] The Jeffamine is reacted with a silane molecule (see Experimental Section) which then forms a covalent bond with the particle surface. Samples were prepared using two silica particle sizes with experimentally determined diameters of 15 nm and 24 nm. The l-PNCs produced using these particles are henceforth denoted l-PNC-15 and l-PNC-24.
The synthetic method used to prepare these l-PNCs has previously been reported to produce C-NOHMs. [26] [27] [28] For both l-PNC-15 and l-PNC-24, the product after dialysis and drying is also a viscous, pale yellow liquid. TGA of the l-PNCs revealed that the polymer is removed in a single step ( Figure S1 in the Supporting Information) upon heating, and that l-PNC-15 was 71 wt% polymer and 29 % silica, while l-PNC-24 was 69 wt% polymer and 31% silica. Both the description of l-PNCs and the TGA data is entirely consistent with previous reports of C-NOHMs. 27 However, ultracentrifugation of the dialysis product yielded white solids (s-PNCs) with much lower polymer contents of 23-27 wt%. This solid was readily re-dispersed into Jeffamine M-2070, yielding a waxy solid when the silica mass fraction was more than ~30%, and a viscous liquid at all compositions below ~ 30 wt% silica. This confirms that the dialyzed product is a l-PNC, not a C-NOHM, and contains substantial amounts of free or host polymer (i.e. Jeffamine M-2070 that is not grafted to the surface). It is the free, ungrafted polymer that acts as the solvent and stabilizes the grafted particles, forming a fluid material. As such, the previous C-NOHM classification is incorrect for these systems.
TGA showed that after ultra-centrifugation, the polymer content of s-PNC-15 and s-PNC-24, were 27 wt% and 23 wt% polymer, respectively ( Figure S2 in Supporting Information). This equates to grafting densities of 0.7 chains nm -2 for s-PNC-15 and 0.8 chains nm -2 for s-PNC-24, which is consistent with the reported grafting density of silane molecules onto silica nanoparticles (0.6 silane molecules nm -2 ). 48 That is, a Jeffamine M-2070 chain reacts with almost every available silane molecule present on the surface. Various reaction conditions were examined to ensure that maximum grafting density had been achieved, as a higher grafting density could potentially liquefy the s-PNCs into C-NOHMs. 31 When the synthesis was carried out at high pH, the solution after polymer addition was more viscous due to ungrafted silane cross-linking 48, 49 and required ultracentrifugation at a higher rpm and longer time (80,000 rpm for 90 minutes) to purify. However, the appearance and composition (grafting density) of the sample after ultracentrifugation were otherwise unaffected. This insensitivity to pH suggests that commercial silica nanoparticle suspensions could be used without purification or modification for the synthesis of l-PNCs.
The structure of the unreacted silica nanoparticles (LUDOX HS and LUDOX TM) and individual polymercoated nanoparticles was determined using transmission electron microscopy (TEM), dynamic light scattering (DLS), and small-angle x-ray and neutron scattering (SAXS and SANS). The particle sizes determined are shown in Table 1 and compared to reported values. 50 Experiments characterizing the l-PNC particles were carried out in dilute aqueous suspensions, so these dimensions represent the polymer layer in a good solvent.
This layer structure can then be contrasted with results for the pure l-PNC later in this section, in which the particle loading is much higher and Jeffamine M-2070 is the (theta) solvent.
DLS data for the bare silica and l-PNCs diluted in water are shown in Figure 1 . The mean hydrodynamic diameters (Dh) of 15±2 nm and 24±2 nm are equal within experimental error to both the diameters of 12.1 -16.3 nm and 25.3 -28.1 nm to the nominal particle size and a previous study of bare LUDOX HS and LUDOX TM particle sizes. 50 TEM images of dried samples, and SAXS of dilute aqueous suspensions, gave slightly larger average sizes (not shown). Dh increases from 15±2 nm to 35±5 nm for l-PNC-15 and 24±2 nm to 48±7 nm for l-PNC-24 following the grafting reaction, confirming that Jeffamine M-2070 was successfully attached to the particle surface. These size increases are consistent with previous studies. 51 The relative increase in Dh (20 nm for l-PNC-15 and 24 nm for l-PNC-24) is larger than the polymer radius of gyration (Rg = 3.2 nm), which is expected because water is a good solvent for Jeffamine. In a good solvent, the grafted polymer swells and extends away from the particle surface in a brush conformation with a width much larger than Rg. 52, 53 The absence of additional peaks in the DLS data suggests that particle aggregation is not responsible for the increase in Dh. -24) . DLS reports overall hydrodynamic diameter, whereas TEM, SAXS, and SANS results refer to the silica particle diameter, whether coated or not. Table 1 . The SANS best-fit shell thickness of 3.2 nm is smaller than expected based on the DLS data for l-PNC-15 in Figure 1 . We attribute this to differences between the techniques. Whereas DLS measures the hydrodynamic polymer brush height, SANS is more sensitive to the polymer-rich component of the layer near the silica surface. 55 The higher particle concentration in the SANS sample compared to the DLS sample leads to compression of the polymer layer. In addition, the particle concentration is much lower in DLS (0.1 wt%) compared to SANS (10 wt%). The SANS fitted volume fraction of polymer at the silica surface, φp = 0.32, is consistent with the low grafting density determined from TGA on the dried product (without any free polymer remaining) of 0.7 chains nm -2 . is also consistent with a mushroom conformation, as it is below the expected threshold for a mushroom to brush transition (< 0.8 chains nm -2 ). The polymer layer thickness of 3.2 nm is somewhat larger than the hydrodynamic diameter of 2.2±0.5 nm determined by DLS of Jeffamine M-2070 in water, which is to be expected for a freely-draining coil. This indicates little chain extension of the polymer layer, and is thus also consistent with a mushroom conformation. The grafted polymer layer structure on s-PNC-24 is expected to be very similar. Figure 3 shows the bulk nanostructure of pure, undiluted, l-PNC-15 and l-PNC-24 as revealed by SANS. Unlike the aqueous PNC dispersions in which external contrast variation is achieved through H2O/D2O isotopic substitution, both the shell and host polymer is hydrogenous Jeffamine M-2070 in the l-PNCs. Thus, the scattering contrast is solely between the silica core and the (host + shell) polymer. As such, these experiments primarily probe the level of aggregation in the l-PNCs which cannot be accessed using DLS because of multiple scattering due to the high particle volume fractions, and the high viscosity. aggregates. 56 The data was fit to a spherical form factor and hard sphere structure factor for l-PNC-15, and a square well structure factor for l-PNC-24 (see Table S2 in Supporting Information for fitting parameters). The square well structure factor was required to adequately fit the upturn at low Q for l-PNC-24. The fitted particle size, polydispersity and volume fractions for l-PNC-15 and l-PNC-24 are presented in Table 2 , and are in good agreement with other techniques used for the bare silica dispersions (c.f. Table 1 ).
Bulk and Interfacial structure of l-PNCs
The square well structure factor 57 models the low Q intensity increase in l-PNC-24 by introducing a narrow attractive potential well for each particle. The potential well is defined by: the well depth (ε in units of kT)
which describes the magnitude of the interaction and whether it is repulsive or attractive; and the well width (λ in multiples of the particle diameter) 57 , which is a measure of how far the potential extends from the particle center. For l-PNC-24, the fitted parameters are ε = 1.5 kT and λ = 1.27, which indicates that the potential is weak, attractive and extends 35.5 nm from the particle center. This equates to 7.5 nm from the particle surface.
The physical origin of interparticle attractions is most likely van der Waals forces. As the particles approach, free polymer is expelled but surface contact is prevented by the grafted polymer layers. Aggregation of the grafted polymer particles must be weak (meaning that clustering is reversible, consistent with the small ε value).
When particle aggregation is irreversible, aggregates will grow over time and eventually sediment leading to phase separation. Phase separation did not occur in these samples for at least 1 year. The SANS data for l-PNC-15 shows no evidence of objects larger than the silica particles. This is attributed to weaker van der Waals interactions in l-PNC-15, as this force scales with the particle size. The average distance between particle centers, assuming the particles sit within the polymer matrix on a simple cubic lattice for l-PNC-15 is 23 nm, which corresponds to an average surface separation of 7 nm between neighboring particle surfaces, and for l-PNC-24 is 43 nm, or 14 nm between neighboring particle surfaces. To a first approximation, as each surface has a grafted polymer layer about 3 nm thick, this means that on average there is a free polymer film between the particles between 1 nm (l-PNC-15) and 8 nm (l-PNC-24) thick.
The structure of the air -l-PNCs interface was elucidated using tapping mode atomic force microscopy (TM-AFM) to probe the surface of l-PNC 'droplets' on mica. The droplets were prepared according to a previous reported method. 46 In TM-AFM, the tip oscillates at or near its resonance frequency with a set amplitude. As the tip approaches the droplet, the amplitude of the driving oscillation is dampened and the oscillating phase shifts. These changes are monitored via a feedback loop to generate topographic (height) and phase images. 58 The height images provide information on the l-PNC droplet dimensions but the distribution of particles within the droplet is not visible ( Figure S3 in Supporting Information). In contrast, the phase shift is sensitive to changes in compliance (hard or soft materials). Silica particles are visible as dark spots and polymer as lighter colored areas in the phase images. 46, 59 The distribution of polymer around the particles in l-PNCs is uniquely visualized; this information is not obtained in conventional TEM micrographs used in previous l-PNC studies. 26 in Figure 4 (b)) that are polymer rich. Successive AFM images show that the silica particles are mobile, consistent with a liquid state. In accordance with the SANS data, the TM-AFM images reveal that the particles are mostly well dispersed in l-PNC-15 but there is significant clustering in l-PNC-24, which results in particlerich and polymer-rich domains on the particle surface. The 2D Fourier transforms (FT, insets in Figure 4 ) were added to provide an average spacing between dispersed particle centers in the AFM images. A 1 μm x 1 μm cropped image of the phase images in Figure 4 were used so that the FTs are not skewed by the droplet edges.
The FTs show an intensity pattern that is brightest near the origin, then drops off in intensity. The distance from the origin to the end of the bright region of the FT (and inverted for real space) corresponds to the average repeat spacing of particle centers in the image. For l-PNC-15, the spacing is 27 nm and for l-PNC-24, the spacing is 43 nm. These are broadly consistent with those determined from the SANS data (Table 2 ). wide is seen. The form of the repulsive interaction is consistent with the grafted polymer layer between the tip and the silica surface, and on the underside of the particle and the droplet bulk, being compressed. Free polymer present in the compression zone will either diffuse away or collapse, and thereby also contribute to the repulsion. The jump distance is larger for l-PNC-24 because of the larger silica particle size, and the push through force is also higher because the volume of material that must be displaced to enable the jump is greater than for l-PNC-15. For both l-PNCs, the dimensions of the compressive region and the jump width are broadly consistent with the SANS data and the TM-AFM images. No adhesion was measured in either system upon retraction indicating minimal because of the weak van der Waals interaction and the brush width being less than the entanglement length. 60 From the force data, it is not possible to determine whether only one, or a number of polymer coated silica nanoparticles are displaced. Increasing the force up to the maximum possible with the cantilevers used did not further reduce the separation. As the AFM tip penetrates into the droplet following displacement of the first layer, the contact area between the tip and the l-PNC is increased. For the tip to penetrate further into the droplet, the second l-PNC layer beneath the tip apex, and the first l-PNC layer in contact with the tip sides, must both be displaced which was not possible with the cantilevers used due to the high viscosity of the l-PNC. 
Conclusions
Liquid polymer nanocomposites combine the functionality of hybrid materials with the processability of liquids, and have the potential to be used in next-generation lubricants or carbon capture solvents. Stability of the nanoparticles is achieved by grafting polymer onto the particle surface and dispersing in a polymer melt.
Depending on a wide number of factors, the l-PNCs properties and phase stability can be tuned. However, the structure and distribution of particles within the bulk liquid and at a solid surface is relatively unexplored.
Two l-PNCs have been synthesized using 15 nm and 24 nm silica particles with ~ 30 wt% silica content.
Jeffamine M-2070 was covalently attached to the particle surfaces with grafting densities of 0.7-0.8 chains nm -2 on the 15 nm and 24 nm particles and used as the host polymer. The PNC was a liquid when the polymer content was greater than ~ 30 wt%; lower polymer concentrations produced a solid material. Previously, these materials have been incorrectly characterized as C-NOHMs.
The combination of TM-AFM and SANS to reveal the interfacial and bulk structure of l-PNCs provides new information on stability is these systems. SANS revealed that the polymer grafted particles were well dispersed with minor clustering in l-PNC-15, but that more clusters were present in l-PNC-24. Similarly, TM-AFM images revealed significant clustering on the surface of l-PNC-24 droplets, but minimal clustering on the surface of l-PNC-15. This is attributed to weaker van der Waals interactions between the smaller particles.
Contact mode AFM force curves revealed that a single layer of grafted polymer particles could be displaced from under the tip with the cantilevers used. The spacing between silica particles on the surface of the droplet was consistent with the bulk measurements within error.
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